Homology-directed recombination (HDR)-mediated genome editing is a powerful approach for both basic functional study and disease modeling. Although some studies have reported HDR-mediated precise editing in nonrodent models, the efficiency of establishing pure mutant animal lines that carry specific amino acid substitutions remains low. Furthermore, because the efficiency of nonhomologous end joining (NHEJ)induced insertion and deletion (indel) mutations is normally much higher than that of HDR-induced point mutations, it is often difficult to identify the latter in the background of indel mutations. Using zebrafish as the model organism and Y boxbinding protein 1 (Ybx1/ybx1) as the model molecule, we have established an efficient platform for precise CRISPR/Cas9-mediated gene editing in somatic cells, yielding an efficiency of up to 74% embryos. Moreover, we established a procedure for screening germline transmission of point mutations out of indel mutations even when germline transmission efficiency was low (<2%). To further improve germline transmission of HDR-induced point mutations, we optimized several key factors that may affect HDR efficiency, including the type of DNA donor, suppression of NHEJ, stimulation of HDR pathways, and use of Cas9 protein instead of mRNA. The optimized combination of these factors significantly increased the efficiency of germline transmission of point mutation up to 25%. In summary, we have developed an efficient procedure for creating point mutations and differentiating mutant individuals from those carrying knockouts of entire genes.
With the recent development of genome editing technologies, in particular transcription activator-like effector nuclease (TALEN) 2 and clustered regularly interspaced short palin-dromic repeats (CRISPR) and CRISPR-associated nuclease 9 (Cas9) (CRISPR/Cas9), numerous genes in a large number of species have been knocked out in vitro and in vivo for functional analysis and disease modeling (1) (2) (3) (4) (5) . However, the nonhomologous end joining (NHEJ)-induced whole gene disruption cannot fully dissect the details of gene functions such as the importance of specific posttranslational modifications (6 -8) .
Clinical studies have shown that many genetic disorders are caused by point mutations affecting single amino acids instead of whole gene disruption. For instance, mutations of Kras G12V and Braf V600E occur in over 50% of cancer patients (9) . Single amino acid substitutions in these two genes typically result in constitutive activation of Kras and Braf, which cannot be mimicked by knockout of the whole gene (10, 11) . Therefore, substitution for single amino acid is essential for studying gene function and disease modeling. Although much effort has been spent recently, site-directed point mutation in vivo still remains a challenging task. The technical bottlenecks for homology-directed recombination (HDR)-mediated sitespecific mutagenesis are low efficiency (12) (13) (14) (15) , and it is difficult to differentiate the point mutants from the insertion and deletion (indel) mutations (16 -19) . This issue has been addressed by some recent studies (12, 20, 21) . One of the key factors explored to increase HDR efficiency is the type of donor DNA (18, 22) . However, the results have so far been controversial and inconsistent. It has recently been reported that Cas9 asymmetrically releases the 3Ј-end of the cleaved DNA strand, which is not annealed to the single guide RNA (sgRNA) before complete dissociation of the Cas9 protein. Therefore, asymmetrical single-stranded DNA (ssDNA) donors exhibited a five-time higher efficiency in vitro than others (up to 55%) (23) . In contrast, another study using double-stranded DNA (dsDNA) donor also reported a high mutation efficiency in vivo (46%) (17) . These results suggest that the choice of ssDNA and dsDNA may be sequence-dependent. The second strategy to improve HDR efficiency is to suppress the activity of NHEJ pathway with SCR7, an inhibitor of DNA ligase IV that joins ends of DNA breaks (24 -26) , or to increase the activity of HDR pathway with RS-1, a stimulator of Rad51 that promotes HDR (27, 28) . SCR7 has been reported to improve HDR efficiency by 4-to 6-fold in cultured cells and up to 19-fold in mice (29, 30) , whereas the application of RS-1 resulted in a 2-5-fold increase of HDR efficiency in vitro (27) .
In the past 20 years, zebrafish have become a popular model for reverse genetic analysis of vertebrate development and human diseases (15, 19, (31) (32) (33) (34) . Similar to other model organisms, zebrafish are amenable to genetic manipulation because of their small size, short life cycle, and high fecundity (33) . These biological advantages together with their sharing 70% human genes and 84% human genetic disease genes (35) have made zebrafish one of the top choices for basic study of gene function and modeling of human genetic diseases as well as drug screening (36) . Because of this, zebrafish have often been a platform for testing and optimizing protocols of genome editing in recent years. A large number of genes have been knocked out in zebrafish by using zinc finger nuclease (ZFN), TALEN, or CRISPR/Cas9 (37) . A few studies have also been reported on HDR-mediated point mutations (13, 15, 18, 36, 38) ; however, the efficiency is generally very low.
In the present study, we attempted to develop a standard platform using zebrafish as the model to introduce HDR-mediated point mutations in vivo with high efficiency, and to differentiate these mutants from those carrying random indel mutations. We used Y box-binding protein 1 (YB-1; Ybx1/ybx1) as the model molecule. Ybx1 is a multifunctional protein, and its functions depend on its subcellular location, which is regulated, at least partly, by the phosphorylation at Ser-102 in humans (39) . Our unpublished work has shown that Ybx1 may likely be a critical regulator in controlling ovarian follicle development, and the phosphorylation of its Ser-82 (equivalent to Ser-102 in humans) appears to play a critical role in its function. 3 We therefore chose Ser-82 as the target site in the present study to test the efficiency of HDR-mediated mutagenesis and our screening strategy.
Results

Designing of target sites for site-directed mutagenesis for zebrafish Ybx1 S82A in vivo
As the first step toward precise point mutation, we identified one potential TALEN and two CRISPR/Cas9 targets by the online ZiFiT Targeter software (http://zifit.partners.org/ ZiFiT) 4 (64, 65) . Genotype analysis on the injected embryos showed that all sites worked but with varying efficiency. The mutation rates (percentage of embryos that carried mutations) of the two CRISPR sites were ϳ30 and 80% for sites 1 and 2, respectively, whereas the efficiency of the TALEN site was 30% ( Fig. S1 ). Because the efficiency of HDR is highly dependent on the efficiency of double-strand breaks (DSBs) (14, 40) , we chose no. 2 CRISPR site for further experiments on HDR-mediated mutagenesis.
Optimization of DNA donors for HDR-mediated point mutation
To optimize the condition for site-directed mutagenesis, we compared the efficiency of three different DNA donors: ssDNA, dsDNA, and plasmid (Fig. 1B) . The ssDNA donor was synthesized by Integrated DNA Technologies (IDT), whereas dsDNA and plasmid donor were assembled using fusion PCR and TA cloning (Fig. 1C ). The mutation region of the donor included the mutated sequence to recode Ser-82 to Ala-82 and blocking mutations to prevent the cleavage of donor DNA by CRISPR/Cas9 and retargeting of the site by sgRNA/Cas9 complex ( Fig. 1B) . These blocking mutations were also helpful for designing the mutant-specific primer because the conventional high-resolution melting analysis (HRMA) is unable to distinguish HDR mutations from different types of indel mutations. The mutant-specific primer recognizes HDR-induced mutation only so as to eliminate all random indel mutations and the WT sequence. To avoid interference by the residual donor DNA, we designed a pair of primers (F1/ R1) that are located outside the region of the donor DNA for the first round of nested PCR (Fig. 1D ). The typical result of nested real-time quantitative (qPCR) screening with F2 and mutant-specific R2 is shown in Fig. 2A . The primer R2 was highly specific to HDR-induced mutation, and it did not amplify the WT sequence and indel mutants. The positive samples were also confirmed by sequencing ( Fig. 2B ). Although some studies reported that ssDNA was more effective than dsDNA and plasmid donors (12, (41) (42) (43) (44) , ssDNA showed the lowest efficiency in this study. By comparison, the plasmid donor showed the highest efficiency (15-16%) compared with dsDNA (8 -10%) and ssDNA (0 -5%). The efficiency of NHEJ-mediated indel mutation remained almost the same for all three DNA donors ( Fig. 2C ).
Effects of suppressing NHEJ and stimulating HDR on HDR-mediated point mutation
Because DSBs induced by target-specific nuclease (Cas9 in CRISPR and FokI in TALEN) can be repaired by both NHEJ and HDR pathways, it is hypothesized that suppressing the NHEJ pathway may likely increase the efficiency of HDR (30) . To demonstrate this, we treated the injected embryos with SCR7 (20 M), an inhibitor of NHEJ. The concentration of 20 M was used because it showed the lowest toxicity to the embryos while achieving the highest possible mutation efficiency ( Fig. S2A ). Our result, for the first time, showed that SCR7 significantly improved the HDR efficiency in the zebrafish for all three kinds of DNA donors in both Cas9 mRNA-and Cas9 protein-injected groups. For ssDNA donor, SCR7 increased HDR efficiency from 0 to 3% with Cas9 mRNA and from 5 to 13% with Cas9 protein. For dsDNA, the increase was from 8 to 22% and 10 to 25%, respectively. Among these DNA donors, the plasmid donor again showed the highest efficiency of point mutation in the presence of SCR7. The mutation rate increased from 16 to 58% and from 15 to 55%, respectively, for Cas9 mRNA and protein ( Fig. 2C) .
Apart from suppressing the NHEJ pathway, stimulation of the HDR pathway may also increase the efficiency of HDR (27) . To test this, the embryos injected with sgRNA, plasmid donor, and Cas9 protein were incubated in the water containing RS-1 (20 M), a Rad51 stimulator (28) . Again, the concentration used was optimized for low toxicity and high mutation efficiency (Fig. S2B ). The result showed that RS-1 significantly improved the HDR efficiency (15% to 24%), although its effect was weaker than SCR7. Moreover, we demonstrated, for the first time, that the combination of SCR7 and RS-1 further increased the HDR efficiency to 74%, showing an additive effect ( Fig. 2D ). Further experiment showed that SCR7 reduced NHEJ-mediated indel mutation in the absence of DNA donors. Interestingly, RS-1 alone had no such effect, but it could enhance the inhibitory effect of SCR7 when they were applied together ( Fig. S3 ). However, no significant effects were observed in the presence of DNA donors ( Fig. 2D ).
Comparison of Cas9 mRNA and protein in inducing HDR
In mice, it takes 2 days for the embryos to develop from 1-cell to 8-cell stage (45) ; in the zebrafish, this process finishes within 75 min. Therefore, the time for Cas9 translation and assembly of Cas9 and sgRNA may not be critical for genome editing in mice because of its slow embryonic development. However, this could be critical for gene editing in the zebrafish with fast cell division and development. We therefore hypothesized that direct introduction of Cas9 protein in the zebrafish could make a significant difference from using Cas9 mRNA. To provide evidence for this idea, we first examined the temporal patterns of Cas9 protein in the embryos injected with Cas9 protein or mRNA. As shown in Fig. 3A , Cas9 protein could be detected in 1-cell embryos immediately after injection with the protein, and it lasted until 32-cell stage. In contrast, no Cas9 protein could be detected in the Cas9 mRNA-injected embryos from 1to 4-cell stage. A weak signal started to appear in 8-cell embryos and the signal increased steadily afterward, reaching the highest at 32-cell stage, which was the last sampling point (Fig. 3A ). It should be noted that in Cas9 protein-injected embryos, there was a progressive increase of the protein from 1-to 4-cell stage. This was likely because of some loss of the protein during the de-yolk step of sample preparation. We injected Cas9 mRNA and protein in the yolk mass, and it takes some time for them to migrate out of the yolk region.
To figure out the time window of HDR occurrence in Cas9 mRNA-and protein-injected embryos, we used nested PCR to The blocking mutations were introduced to prevent retargeting of the edited sequence by sgRNA. C, generation of different donors for S82A substitution. The ssDNA donor was synthesized by IDT directly. For dsDNA donor, the left and right homology arms were amplified from the zebrafish genome DNA using primer pairs Fd1ϩRm1 (left) and Fm1ϩRd1 (right). Fm1 and Rm1 carried targeting and blocking mutation sequences at the 5Ј-end. The left and right homology arms were then assembled by fusion PCR using the primers Fd1ϩRd1. For the plasmid donor, the left and right homology arms were similarly amplified from the zebrafish genome DNA except that FdC1 and RdC1 primers used carried the CRISPR site and PAM sequence at the 5Ј-end. The product of fusion PCR was inserted into the plasmid by TA cloning. Both dsDNA and plasmid were sequenced to ensure no mutations introduced by PCR amplification. D, genotyping for HDR-induced S82A substitution. Primer F1 and R1 are located outside the donor regions, and primer F2 is located 50 bp upstream of the mutant sequence. Primer R2 is specific for HDR-induced mutation, and its 3Ј-end can only recognize the S82A mutant sequence without binding to WT and indel mutant sequences.
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detect the existence of the earliest HDR during embryonic development ( Fig. 3B ). Because the product of the first-round PCR (F3/R3) was used as template for the second round directly without dilution, we used the primers F1/R1, also outside the donor, for the second-round PCR to exclude interference by the donor. As shown in Fig. 3C , the HDR was first detected with F1/R2 in 16-cell embryos injected with Cas9 protein, whereas in Cas9 mRNA-injected embryos, HDR was first detectable in 128-cell embryos, three cell cycles later than that injected with Cas9 protein. To assess overall mutation efficiency, we digested the amplification products of F1/R1 with T7 endonuclease I (T7E1 assay) to detect all potential mutations including indels and HDR. Results showed that mutations could be detected in 2-cell embryos injected with Cas9 protein. However, no HDRinduced point mutation could be detected at this stage with mutation-specific primer R2, suggesting that the mutations detected by T7E1 were mostly because of NHEJ-mediated random indels. In contrast, the NHEJ-induced mutations were first detected in 16-cell embryos injected with Cas9 mRNA. These results indicated that NHEJ occurred one cell cycle after the appearance of Cas9 protein in cells, which was 2-cell and 16-cell stage for Cas9 protein-and mRNA-injected embryos, respectively ( Fig. 3D ). For HDR-mediated point mutation, it was first detected with mutant-specific primer R2 in 16-cell embryos injected with Cas9 protein, and 128-cell embryos injected with Cas9 mRNA. Collectively, these data showed that both NHEJ Figure 2 . Optimization of conditions for efficient site-directed mutagenesis for Ybx1 S82A . A, representative real-time qPCR to distinguish Ybx1 S82A from WT and random indel mutations. Nested qPCR (F1/R1 for the first round, and F2/R2 for the second round) was performed on DNA extracted from embryos to avoid interference by the residual donor DNA. B, four mutant individuals identified by mutant-specific primers (F2/R2) in real-time qPCR. The identity of these individuals was confirmed by sequencing the amplicons produced with primers F4/R4 (see Fig. 6A ) that flank the mutated region. C, efficiency of HDR-mediated point mutation for Ybx1 S82A and NHEJ-mediated indel (using primers F0/R0, see Fig. S1 ) with different DNA donors and Cas9 (mRNA versus protein) in the presence or absence of SCR7 (NHEJ inhibitor). One-cell embryos were injected with 4.6 nl solution containing sgRNA (50 ng/l) and Cas9 mRNA or protein (200 ng/l). The injected embryos were then incubated in 20 M SCR7 or equal amount of vehicle DMSO as control for 6 h. In total, 64 injected embryos were analyzed for each treatment. D, effect of RS-1 (HDR stimulator) on HDR-mediated point mutation and NHEJ-mediated indel (using primers F0/R0). Similar to the treatment with SCR7, the embryos injected with Cas9 protein were incubated in 20 M RS-1 in the presence or absence of 20 M SCR7 for 6 h. The values are mean Ϯ S.E. of six independent breeding experiments using different fish (n ϭ 6). In each breeding, we sampled 24 -32 embryos for analysis.
and HDR were advanced for three cell cycles by direct introduction of Cas9 protein as compared with those with Cas9 mRNA, and that HDR took place about three cell cycles behind that of NHEJ.
It is believed that the earlier the mutation occurs in the embryonic development, the more organs or tissues will carry such mutation in adults. To test this idea, we sacrificed nine F0 founders that showed germline transmission of HDR mutation (#1-7 from Cas9 protein-injected group and *1-2 from Cas9 mRNA-injected group) (see below for details on germline screening) and five fish that were shown to carry the mutation by caudal fin genotyping but failed to transmit the mutation to the next generation (#8 -9 from Cas9 protein-injected group and *3-5 from Cas9 mRNA-injected group) ( Fig. 4 ). Genomic DNA was isolated from the heart, gut, liver, gill, kidney, eye, muscle, gonad, as well as the caudal fin, followed by genotyping with HRMA. As shown in Fig. 4A , the HDR-induced mutation showed mosaic patterns in all fish examined. It was obvious that the Cas9 protein group showed higher rates of somatic mutation than Cas9 mRNA group, especially for HDR-induced S82A point mutation (Fig. 4A ). The result also suggests that genotyping with caudal fin DNA can help enrich the founders carrying mutations; however, it cannot guarantee germline transmission, as shown by fish #8 -9 and *3-5. On the other hand, a negative result with caudal fin genotyping cannot rule out the possibility of germline transmission, as shown by fish #6 -7 and *1-2 ( Fig. 4B ). It is interesting to note that the germline transmission rates for HDR-induced point mutations were highly variable between individuals; however, the transmission rates for total mutations (HDR and NHEJ) remained relatively constant ( Fig. 4B ).
Establishment of screening protocol for differentiating HDR-mediated point mutations from NHEJ-induced indel mutations
Germline transmission is critical for establishing stable mutant lines. The most challenging issue in creating single amino acid substitution is to differentiate HDR-induced point mutations from a large number of NHEJ-induced indel mutations, which are much more frequent in F1 generation. The methods reported so far such as HRMA and T7E1 assay are commonly used for screening mutations, but they are ineffective in distinguishing HDR-induced point mutations in F1 generation from random indel mutations (19, 36) .
Herein, we developed a simple and effective procedure for screening germline transmission of HDR-induced point mutations. As the first step of screening, we performed a mass breeding using the iSpawn (Tecniplast) with all F0 individuals regard- 
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less of being positive or not in caudal fin genotyping assay. The F1 embryos were collected and divided into groups of different numbers (10 -100/group) for genomic DNA extraction and qPCR assay with mutant-specific primer R2 (F2/R2) ( Fig. 5A ). As shown in Fig. S4 , the highest number of embryos per group that generated specific signal was 50. Therefore, in our future screening, we pooled no more than 50 F1 embryos per group for initial screening. In the experiment shown in Fig. 5B and Fig. S4 , we obtained 104 F0 founders injected with Cas9 mRNA. Three fish were found to carry mutations in the tail; however, they showed no germline transmission (*3-5) (Fig. 4) . The remaining 101 F0 fish were subject to stepwise mass breeding and screening as described above. In the first cycle of mass breeding, we analyzed 47 samples (2350 F1 embryos in total) from these 101 F0 founders and confirmed that this pool of founders contained germline transmission of S82A. We then divided the initial pool of F0 fish into two groups for group breeding and found that one group (50 fish) contained S82A mutation (35 samples, 1750 embryos analyzed) in the germline. Further grouping and screening was performed and repeated for this group (23 samples, 1150 embryos for each round of screening). After four rounds of grouping and screening, one final group of 5 F0 founders was found to carry S82A mutation in their germ-lines. These fish were crossed individually with a WT fish and their offspring screened with mutant-specific PCR (11 samples, 550 embryos for each individual). Using this approach, we finally identified 2 F0 fish from 101 founders that contained HDR-induced point mutation of S82A (Ybx1 S82A ) in the germline (Fig. S4 ).
Comparison of Cas9 mRNA and protein in promoting germline transmission of HDR-induced point mutation
With the protocol established for identifying F0 fish with germline transmission of HDR-induced single point mutation, Fig. 1 ) were used for screening HDR-induced Ybx1 S82A mutation, and primers F0 and R0 (see Fig. S1 ) were used for screening NHEJmediated indel. Different organs were dissected from 9 F0 individuals injected with Cas9 protein (#1-9) and 5 individuals injected with Cas9 mRNA (*1-5) for genotyping. B, germline transmission rate (percentage of F1 mutant embryos) for Ybx1 S82A mutation and NHEJ-mediated indel mutations in 7 founders injected with Cas9 protein (#1-7) and 2 founders injected with Cas9 mRNA (*1-2). For each test, 12 embryos were collected for genotyping, and three independent breeding tests were performed for each individual. The values are mean Ϯ S.E. of three experiments (n ϭ 3). A, schematic illustration of the screening strategy for identifying F0 founders with germline transmission of Ybx1 S82A mutation. Because residual donor DNAs did not exist in the F1 embryos, we used primers F2 and R2 directly without nested PCR. All F0 founders carrying indel mutations in the tail fin were placed in the iSpawn for mass breeding. About 1000 -3000 embryos were collected for each round of breeding. Small breeding tanks were used for breeding 2 to 10 F0 fish, and about 200 -800 embryos were collected for each round of breeding. Fifty embryos were pooled together for genomic DNA extraction and genotyping. B, improvement of HDR-induced Ybx1 S82A mutation in the germline and reliability of caudal fin genotyping in identifying F0 founders injected with Cas9 protein. The HDR-induced Ybx1 S82A mutation was detected with primer pair F2/R2.
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we compared Cas9 mRNA and protein in terms of germline transmission rate. Although both Cas9 mRNA and protein showed high efficiency in inducing somatic point mutations in F0 founders, we found only 2 F0 founders with germline transmission from 104 fish injected with Cas9 mRNA (1.9%) ( Fig.  S4 ). Interestingly, these 2 F0 fish were identified as negative by caudal fin genotyping (fish *1-2 with 2.8 -13.8% transmission rate, percentage of F1 embryos carrying point mutation) (Fig.  4A ), meaning that they would have been discarded if screened by conventional caudal fin genotyping. In contrast, we identified 7 F0 founders with HDR mutation in their germlines out of 55 fish injected with Cas9 protein (12.7%) (fish #1-7 with 8.3-33.3% transmission rate) (Fig. 4B ). The details of screening these 55 F0 fish to obtain the 7 positive founders are shown in Fig. S5 . Among the 7 founders, 5 fish contained HDR mutation in the caudal fins (#1-5, 9.1%) and 2 fish showed no signal in their caudal fins (#6 -7, 3.6%) ( Fig. 4A and 5B) . These results suggested a significant improvement of germline transmission of Ybx1 S82A point mutation by using Cas9 protein. Our result also showed that although caudal fin genotyping is not reliable to ensure germline transmission, it is helpful to enrich the F0 founders with germline transmission.
Establishment of homozygous mutant line for Ybx1 S82A point mutation
To generate homozygous point mutant zebrafish line for Ybx1 S82A , we crossed heterozygous F1 fish carrying the point mutation to generate F2 generation, which contained WT (Ybx1 ϩ/ϩ ), heterozygous mutant (Ybx1 ϩ/S82A ), and homozygous mutant (Ybx1 S82A/S82A ). These different genotypes could be easily differentiated by using HRMA with a pair of primers (F4/R4) that flank the mutant site to generate an amplicon of 82 bp (Fig. 6A ). As shown in Fig. 6B , the WT homozygotes generated a single melting peak at 81.7°C, whereas the peak for S82A homozygous mutant was at 82.8°C. This difference between WT and mutant could be established and verified at the beginning when the HDR donor was designed. The heterozygotes could be easily distinguished from homozygotes by the shoulder peak at 79.0°C near the main peak (81.7°C). The identity of F2 mutant was further confirmed by sequencing, using the amplified products from the homozygotes (Fig. 6C) .
To further prove that the amino acid Ser-82, which is a critical point for Ybx1 phosphorylation (39) , was successfully mutated, we used Western blot analysis to detect phosphorylation at this site with a specific anti-Ser-82 antibody. We used the larvae at 4 days post fertilization (dpf) as the material because a previous study showed that Ybx1 was expressed in the zebrafish during embryonic and post-embryonic stages (46) . The tail of each larva was cut off for genotyping with HRMA. Ten larvae with the same genotype were pooled together to extract proteins for Western blot analysis. As shown in Fig. 6D , no phosphorylation signal was detected in the homozygous mutant (Ybx1 S82A/S82A ). As controls, both WT and heterozygous mutants showed a strong signal of phosphorylation although the signal was slightly decreased in the heterozygotes. Interestingly, the total Ybx1 protein seemed to be slightly increased in the homozygous mutant as compared with the WT and heterozygotes (Fig. 6D ). 
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Discussion
HDR-mediated precise gene editing is a valuable approach for functional analysis and disease modeling. However, the establishment of pure animal lines with specific point mutations is still a challenging task. In this study, we established and validated a highly efficient strategy for generating and establishing zebrafish lines with specific substitutions for single amino acids without loss of the whole proteins.
According to the studies reported so far, one of the limitations for HDR is the poor efficiency, especially in vivo at the organism level (18, (47) (48) (49) (50) . Different approaches have been used to improve HDR efficiency, including different types of DNA donors (22, 23, 51), suppression of the NHEJ pathway or stimulation of the HDR pathway (27, 29, 30) , and temporal control of the editing nuclease (52, 53) . Although optimization of these parameters improved the efficiency of HDR to different extents, there have been few studies on combination of these approaches for higher efficiency.
ssDNA donor was often reported to be efficient for HDR (12, 23, 54) ; however, a study from Nüsslein-Volhard's group indicated that plasmid DNA donor increased in vivo HDR efficiency to 46% (17) . In the present study, we also found that plasmid DNA donor with CRISPR sites produced the highest efficiency among three different donors (ssDNA, dsDNA, and plasmid). One of the reasons could be that depending on sequences, ssDNA donors have a potential to form secondary structures, which may stunt DNA recombination. By comparison, plasmid DNA donors are supposed to be more stable with less sequence-dependent variation.
DNA repair of DSBs involves two pathways, viz. NHEJ and HDR. The former often results in indel mutations at the target site, which masks the HDR-induced point mutation in genome editing. One strategy to increase the efficiency of HDR-mediated mutation is to suppress NHEJ or enhance HDR in cells (25, 26) . Both SCR7 (NHEJ inhibitor) and RS-1 (HDR enhancer) have been used to improve the HDR rate (27, 29, 30) . Our data in the present study showed that treatments of the injected zebrafish embryos with SCR7 or RS-1 could significantly increase the efficiency of HDR for all three types of DNA donors, especially for plasmid donor. Combination of SCR7 and RS-1 further increased HDR rate to 74%, which is the highest efficiency reported so far. Interestingly, we observed that in the absence of DNA donors, SCR7 reduced NHEJ rate as expected; however, its effect was further enhanced by RS-1. This might be because without exogenous DNA donors, the WT allele might serve as the template for the repair through HDR pathway, resulting in reduced NHEJ and increased WT sequence. The presence of RS-1 increases the HDR activity, therefore further enhancing the repair to the WT sequence. When exogenous DNA donors were present, they might compete with the WT allele sequence for repair, resulting in increased HDR-induced point mutation while reducing NHEJ rate. However, the total mutation rates (NHEJ and HDR) remained more or less the same. The third strategy for increasing HDR efficiency is to control the timing of Cas9 expression (52, 53) . Because it takes time for Cas9 mRNA to be translated into Cas9 protein, there have been attempts to introduce Cas9 protein directly, instead of mRNA, to increase the success rate of HDR-mediated mutations (55, 56) . This is supported by our data in the present study. In contrast to the immediate availability of Cas9 in the embryos after injection of the protein, the Cas9 protein first appeared in the embryos at 8-cell stage after injection of its mRNA at 1-cell stage. This advanced the timing of both NHEJ and HDR, therefore significantly increasing the rate of HDR in various tissues of the F0 fish. This in turn resulted in high germline transmission rate as demonstrated in the present study. In general, the present study provided supportive evidence for the three approaches that have been reported in the literature to enhance HDR-mediated genome editing. In addition, our data suggest that the efficiency of HDR could be further enhanced by different combinations of these parameters. For Ybx1 protein targeted in this study, the best combination was the plasmid DNA donor with Cas9 protein followed by treatment of the injected embryos with SCR7 and RS-1.
Another major limitation for establishing a pure animal line with HDR mutation is the low efficiency of germline transmission (19, 36) . It has been reported that the germ materials in the zebrafish start to be detectable at 2-cell stage and become specialized at 4-cell stage. They are concentrated in so-called primordial germ cells (PGCs) from 32-cell stage. These PGC cells undergo asymmetrical mitosis, and their total number maintains constant before 1000-cell stage (57) . As a result, the proportion of PGCs keeps decreasing with embryonic development. This suggests that the earlier HDR starts, the higher probability for HDR to occur in the germ cells for transmission to the next generation. Moreover, the embryonic development is much faster in the zebrafish than that in mammals; hence, a little time gap will lead to great difference in editing efficiency in the germline (58) . As reported, HDR involves several steps in G 2 phase, and it takes longer time than NHEJ-mediated rapid ligation, which results in reduced efficiency (59) . In the present study, we demonstrated that by using Cas9 protein instead of mRNA, the efficiency of HDR germline transmission increased about six times among F0 founders. This could be because of the immediate availability of Cas9 protein in early embryos when the cell number was low, leading to increased chance for editing to occur in the germ cells. A recent study reported that NHEJ could be first detected in 2-cell stage by using Cas9 mRNA; however, they injected very high doses of both Cas9 mRNA and sgRNA directly into the animal pole, making the procedure difficult to operate (60) .
Although the three parameters and their combinations could all be optimized for HDR as described above to increase the efficiency of precise genome editing, the second major obstacle for obtaining mutant lines is to detect HDR-mediated mutations and distinguish them from a dizzying number of random indel mutations in the F1 generation. The commonly used genotyping methods, including HRMA, heteroduplex mobility assay (HMA), and T7E1 assay, are all powerful to demonstrate mutations; however, it is difficult to use them to differentiate specific HDR mutations and in particular to separate them from the indel mutations. In the present study, we established an efficient protocol to differentiate F0 individuals that transmitted HDR mutations to the F1 generation even when the CRISPR-mediated point mutation in the zebrafish mutation rate was low. The protocol involved several factors. First, when constructing DNA donors, we introduced not only the mutant sequence that changed the amino acid of interest, but also made some base changes nearly without changing amino acids (blocking mutations). This would allow for design of a mutant-specific primer that only detects the mutant sequence introduced by HDR without amplifying indels and WT sequence. Second, we used HRMA for genotyping, which is an efficient and high-throughput genotyping method that could handle large number of samples (61, 62) . Third, a device for mass breeding was helpful. In our study, we used iSpawn that allows for breeding of tens of fish at the same time.
In the zebrafish, caudal fin genotyping is the most commonly used method for identifying F0 founder fish that carry somatic mutations. There is usually a good correlation between caudal fin genotyping and germline transmission when the mutation rate is high. However, when the mutation rate is low such as HDR-mediated mutations, the correlation is weak. As shown in the present study, fish without somatic mutations in the fin could still generate mutant fish in the F1 generation. These fish could be identified with our breeding and screening approach. Despite this, our data showed that caudal fin genotyping could still improve the efficiency of screening for F0 individuals that carry HDR mutations.
In conclusion, we established a universal and efficient strategy in the present study for increasing the efficiency of HDRmediated genome editing in the zebrafish through combination of three different factors, i.e. DNA donor design, use of Cas9 protein, and suppression of NHEJ and stimulation of HDR. Furthermore, we developed and validated an efficient method for screening and identifying F0 founder fish that carried and transmitted HDR-mediated mutations. Although we used CRISPR/Cas9 to target Ybx1 protein in the present study, the platform established can be applied to other genes and other genome editing methods such as TALEN and zinc finger nuclease. This will greatly facilitate functional study of genes at molecular level and modeling of human genetic diseases, which often involve point mutations rather than the loss of whole proteins.
Experimental procedures
Zebrafish and maintenance
The AB strain zebrafish was used for generating mutant lines. The fish were maintained in the ZebTEC multilinking rack system (Tecniplast, Buguggiate, Italy) under a constant condition (photoperiod: 14 h light/10 h dark; temperature: 28 Ϯ 1°C; pH: 7.5; and conductivity: 400 microsiemens/centimeter). The breeding was set up in a 1-liter breeding box (Tecniplast) for pair/small-group breeding or in iSpawn (Tecniplast) for large-group mass breeding. The fish fry were raised in the Forma Environmental Chamber (Model 3949, Thermo Scientific) with paramecia and transferred to the ZebTEC multilinking rack zebrafish system after starting to feed on Artemia. The fish were fed twice a day with Otohime fish diet (Marubeni Nisshin Feed, Tokyo, Japan) by the Tritone automatic feeding system (Tecniplast). All the experiments performed in this study were approved by the Research Ethics Committee of University of Macau.
Synthesis of sgRNA, Cas9 mRNA, and TALEN mRNA
CRISPR/Cas9 and TALEN target sites were identified by the online ZiFiT Targeter software (http://zifit.partners.org/ ZiFiT) 4 (64, 65) . Site 1 (GCTACGGAGATATTTCCTCGGG) and site 2 (GGAAATATCCGTAGCGTTGGG) near the Ser-82 codon were used for CRISPR/Cas9 system, and the sites for left and right TALEs were TAAAAAGAACAACCCC-AGGA and TCCACAGTCTCTCCGTC, respectively. The annealed oligonucleotides were ligated into the BsaI-cleaved sgRNA vector pDR274 (Addgene, Cambridge, MA). The plasmids for sgRNAs were then digested by DraI and used as templates for in vitro transcription using the MEGAscript T7 kit (Life Technologies). The left and right TALEs were assembled by using the Golden Gate Kit (Addgene). The capped mRNAs for Cas9 were transcribed from zebrafish codon-optimized pCS2-nCas9n plasmid (Addgene). The pCS2-nCas9n plasmid (for Cas9 mRNA) and pTAL1 plasmids (for left and right TALE mRNAs) were linearized by NotI followed by in vitro transcription using mMESSAGE SP6 kit (Life Technologies). The concentrations of the sgRNA and capped mRNAs were measured by NanoDrop (Thermo Scientific) and its quality was examined by agarose gel electrophoresis (61) . The Cas9 protein was purchased from PNA Bio (Newbury Park, CA).
Donor assembly
The homologous arms of HDR donors were amplified from zebrafish genomic DNA with primers Fd1/Rm1 and Fm1/Rd1, respectively (Fig. 1C ). Mutations were introduced at the 5Ј-end of the primers Fm1 and Rm1. The left and right homologous arms were linked by fusion PCR with Fd1 and Rd1. For plasmid DNA donor, the CRISPR target site and PAM sequence were introduced to flank the homologous region with primers FdC1 and RdC1, followed by TA cloning (Takara Bio, Shiga, Japan). All primers used in this study were synthesized by IDT (Table S1 ).
Microinjection
The 5Ј-capped Cas9 mRNA (200 ng/l) or Cas9 protein (200 ng/l) was mixed with sgRNA (50 ng/l) and HDR donor DNA (200 ng/l), and co-injected into the yolk of 1-cell zebrafish embryos at the total volume of 4.6 nl/embryo using the Drummond Nanoject system (Drummond Scientific, Broomall, PA) (61) . The injected embryos were then incubated in 20 M SCR7 (Xcess Biosciences, San Diego, CA) and 20 M RS-1 (Sigma) alone or in combination for 6 h. The same amount of vehicle DMSO (Sigma) was used as the control. The treatment solutions were then replaced by system water (Fig. 1A) .
Genomic DNA extraction
The genomic DNA was extracted using the HotSHOT method (63) . Briefly, the whole embryo or a piece of tissue such as caudal/tail fin was incubated in 50 l NaOH (50 mM) at 95°C for 10 min. The solution was then cooled to room temperature and neutralized with 1/10 volume Tris-HCl (1 M, pH 8.0). The samples were centrifuged at 15,000 rpm for 1 min, and the CRISPR-mediated point mutation in the zebrafish supernatants were ready for genotyping. For genomic DNA samples from 1-to 128-cell embryos, the supernatants were subject to vacuum concentration until drying. The PCR mix was then added into each sample tube, incubated for 15 min at room temperature, and transferred to the PCR plate.
High-resolution melting analysis-based genotyping
We used HRMA to detect mutations resulting from CRISPRinduced DSBs (60, 61) . Briefly, a 170-bp amplicon that included target site was generated with the primers (F0 and R0) (Fig. S1 ) flanking the target site in a 10-l PCR reaction, which contained 5 l Precision Melt Supermix (Bio-Rad), 2 l genomic DNA from embryos or fin cuts, and 400 nM each forward and reverse primers. The conditions for amplification were as follows: denaturation at 95°C for 3 min, 40 cycles of reaction at 95°C for 15 s, annealing at 55°C for 20 s, and extension at 72°C for 2 min. The melt curve analysis was performed after amplification as follows: denaturation first at 95°C for 15 s, decreasing temperature from 95 to 70°C for annealing or duplex formation, and curve melting from 70 to 95°C with 0.2°C increment each step. The amplification was performed on the CFX96 real-time PCR system (Bio-Rad). The HRMA profile for each gene was presented as a melt peak. For genotyping the F2 generation, primers F4 and R4 were used to generate a shorter amplicon (82 bp) ( Fig. 6A) , which was sensitive enough to distinguish different genotypes (WT/WT, WT/ S82A, and S82A/S82A).
Genotyping for HDR-induced site-specific mutations
To distinguish HDR mutations from large amount of background indel mutations, a primer (R2) that specifically recognizes mutant sequence introduced by HDR was designed to work with primer F2 (Fig. 1D) . To optimize the real-time PCR condition, we tested a gradient annealing temperature from 55 to 65°C to optimize the condition that could distinguish the HDR-induced mutation from the WT and random indel mutations. The amplification conditions were as follows: denaturation at 95°C for 3 min, 40 cycles of reaction at 95°C for 15 s, annealing at 60°C for 20 s, and extension at 72°C for 1 min and 30 s. To exclude the interference by the residual HDR donors remaining in the reaction, nested PCR was employed. Briefly, the first round of PCR was performed with F1 and R1, which are located outside the region of the donor DNAs. The products were then diluted 200 times and 2 l diluted reaction was used for the second round of PCR with F2 and R2. The mutantspecific primer R2 ensures that only the HDR-induced mutant sequence is amplified (Fig. 1D) .
To detect the HDR and NHEJ mutations in early embryonic stages (1-128 cells), an additional pair of primers (F3 and R3) located outside the HDR template was used for the first round of PCR because the cell number was often too low to generate significant signals (Fig. 2B) . The condition for the first amplification (F3 and R3) was as follows: denaturation at 95°C for 3 min followed by 40 cycles of reaction (denaturation at 95°C for 15 s, annealing at 55°C for 20 s, and extension at 72°C for 2 min). The second amplification for detecting HDR mutation (F1 and R2) was performed as follows: denaturation at 95°C for 3 min followed by 40 cycles of reaction (denaturation at 95°C for 15 s, annealing at 60°C for 20 s, and extension at 72°C for 1 min). The products were then examined by agarose electrophoresis (0.8%). For detecting the NHEJ mutations, the second amplification was performed with F1 and R1 at the following condition: denaturation at 95°C for 3 min followed by 40 cycles of reaction (denaturation at 95°C for 15 s, annealing at 55°C for 20 s, and extension at 72°C for 1 min and 30 s). The products were purified with the QIAquick PCR Purification Kit (Qiagen, Valencia, CA) and subject to digestion with T7 Endonuclease I (T7E1 assay) (New England Biolabs, Ipswich, MA). Both digested and undigested products were subject to agarose electrophoresis (0.8%).
Screening for germline transmission of HDR-induced mutations
In this study, we developed an efficient protocol that enabled us to differentiate F0 founder fish that could transmit point mutations to the offspring regardless of the efficiency of HDR. First, we did a mass breeding among all the F0 founders in the iSpawn (Tecniplast) and collected the F1 embryos. The embryos were pooled and grouped at 50 or less per group. Genomic DNA was then extracted from the grouped embryos for detection of HDR-induced mutations as described above. If no signal was detected in any groups, the F0 fish tested were discarded. If positive signals were detected in any group, the F0 founders were then divided into two groups for a new round of mass breeding within each group to enrich the F0 fish that showed germline transmission with positive F1 individuals. This kind of grouping, breeding, and screening was repeated with decreasing group size of F0 fish in every cycle until the number reached 10 or less per group. The last 10 or less individuals from the final group that showed positive signals were then tested by individual breeding with WT fish (Fig. 5A ).
Western blotting
We used Western blotting to monitor the expression of proteins and the success of the point mutation in the embryos (for Cas9) or larvae (for Ybx1 and phospho-Ybx1). To extract proteins from embryos, 50 embryos at the same developmental stage were collected each time followed by removing the chorion and yolk according to the procedure described in The Zebrafish Book (66) . For larval fish, each fish was genotyped first on tail fin DNA followed by protein extraction from the rest of the body. The proteins from 50 embryos or 10 larvae per sample were then separated by SDS-PAGE (10%) and transferred to polyvinylidene difluoride (PVDF) membrane (EMD Millipore) for probing. Each membrane was blocked by incubating in 5% BSA in 1ϫ TBST followed by probing with the first antibodies at 4°C overnight. We used our homemade zebrafish-specific anti-Ybx1 (YB1N for N-terminal, and YB1C for C-terminal) (GenScript, Nanjing, China) to detect total Ybx1, and an anti-phospho-Ybx1 (pS82) from Cell Signaling Technology (no. 2900, Danvers, MA) to detect phosphorylation at Ser-82. The expression of Cas9 was monitored with an anti-Cas9 (no. 14697, Cell Signaling Technology). After incubation with the first antibodies, each membrane was then washed with 1ϫ TBST three times fol-
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lowed by incubation with a HRP-labeled secondary antibody (no. 31460, Thermo Fisher). After washing with 1ϫ TBST, the signals were developed using the SuperSignal ECL kit (Thermo Scientific).
Statistical analysis
All values were expressed as mean Ϯ S.E., and the data were analyzed by ANOVA followed by Tukey's test using Prism 6 on Macintosh OS X (GraphPad Software, San Diego, CA).
